We have demonstrated a gallium nitride (GaN)-based green light-emitting diode (LED) with graphene/indium tin oxide (ITO) transparent contact. The ohmic characteristic of the p-GaN and graphene/ITO contact could be preformed by annealing at 500 °C for 5 min. The specific contact resistance of p-GaN/graphene/ITO (3.72E-3 Ω·cm 2 ) is one order less than that of p-GaN/ITO. In addition, the 20-mA forward voltage of LEDs with graphene/ITO transparent (3.05 V) is 0.09 V lower than that of ITO LEDs (3.14 V). Besides, We have got an output power enhancement of 11% on LEDs with graphene/ITO transparent contact. 
Introduction
Nitride-based materials have recently emerged as important semiconductor materials and has led to the development of high-performance light emitters from ultraviolet (UV) to blue and green spectral regions [1, 2] . For example, gallium nitride (GaN)-based blue and green lightemitting diodes (LEDs) have already been extensively used in full-color displays and as highefficiency light sources for traffic light lamps. High efficiency nitride-based LEDs are also potentially useful for solid-state lighting. To achieve solid-state lighting, however, the output efficiency of these LEDs should be enhanced further. Several methods have been used to improve the output efficiency of GaN-based LEDs by enhancing light extraction efficiency, such as textured surfaces [3] [4] [5] , a highly transparent p-contact layer [6, 7] , a proper substrate design [8] , and flip chip packaging [9] . Thus far, indium tin oxide (ITO) works very well with conventional III-nitride GaN-based LEDs for the transparent contact. However, alternative transparent electrodes with optical and electrical performances similar to or better than those of ITO materials without drawbacks in the UV wavelength region are still needed. Additional issues associated with the use of ITO include the high prices of indium and its susceptibility to diffusion into the semiconductor, sensitivity to acids and bases during device processing, and mechanical brittleness [10] . Graphene, a single-atom-thick layer of sp2-hybridized carbon atoms, offers exceptional characteristics such as high transparency, low sheet resistance (R s ), suppleness, and so on [11, 12] . Recent demonstrations of large-scale growth and a facile transfer to arbitrary substrates have enabled the use of graphene as a next-generation transparent conductive electrode in place of ITO for applications such as display devices, solar cells, and LEDs [13] [14] [15] [16] [17] . Recently, Jo et al. and Soe et al [17, 18] . demonstrated GaN-based LEDs with single-layer or multilayer graphene electrode. Nevertheless, the observed forward voltage (V f ) of the device was high (5.6 V at an input current of 20 mA) compared with 3.8 V that is typically reported for ITO-based devices. Kim et al. [19] has reported the V f reduction of the GaN based UV LEDs with graphene transparent contact by doping AuCl 3 in graphene. Besides, an intermediate layer, such as thin metal, nanosized metal, or ITO, is inserted in between graphene and p-GaN to reduce contact resistance [20] [21] [22] . Reports have indicated that the V f of GaN-based LEDs with an intermediate contact layer between graphene and p-GaN can be reduced to as low as that of GaN-based LEDs with ITO only. Moreover, Kim et al. [23] has found that the garphene transparent electrode of GaN based LEDs is highly violable in O 2 ambient during the operation if without proper protection. They introduced a SiNx layer for protection the graphene transparent electrode. In our study, we analyzed GaN-based LEDs with a graphene intermediate layer inserted between ITO and p-GaN. The contact characteristics of p-GaN/graphene/ITO are discussed, and the optoelectrical characteristics of fabricated GaN-based LEDs with graphene/ITO transparent contact are also examined.
Experiments
The samples used in this study were all grown on 2-in (0001) patterned sapphire substrates (PSS) via vertical metal organic chemical vapor deposition (CVD). We designed our mask and controlled the etching parameters to achieve a periodic cylindrical pattern with etching depth, cylinder diameter, and spacing of 0.7, 3, and 3 µm, respectively. The whole LED structure was then grown on top of the PSS. Epitaxial layer growth and device process procedures have been described in detail in previous publications [24, 25] . High-quality monolayer graphene was synthesized via CVD on copper foil. The CVD-grown graphene was transferred onto the GaN-based LEDs to form the electrical contact. The graphene was first transferred on poly(methyl methacrylate) (PMMA) using the following method. After the deposition of PMMA (4% in anisole) on the graphene by using a spin coater, the PMMA/grapheme/Cu foil was floated on Fe(NO 3 ) 3 ·9H 2 O solution to selective etch the Cu foil. Then, the resultant film with PMMA and graphene was transferred to GaN-based LED substrate, followed by removal of the PMMA using acetone at 60 °C. After transferring graphene on the p-GaN surface, the samples were then prepared for 3.3nm-thick ITO deposition. The self-aligned etching process was performed on the LED wafers to etch out p-GaN and multiple quantum wells partially until the n + -GaN layer was exposed to generate the mesa. The Cr/Au was deposited onto ITO and n + -GaN to form the p-type (anode) and the n-type electrodes (cathode), respectively, at the same time. LEDs with ITO transparent contact (LED II) were also prepared to compare with LEDs with graphene/ITO transparent contact (LED I). All fabricated LEDs had a dominant emission wavelength of 453 nm and an area of 270 × 900 µm 2 . The current-voltage (I-V) characteristics of experimental LEDs were measured using the HP-4156C semiconductor parameter analyzer, and the output powers of the LEDs without epoxy encapsulation were measured with a calibrated integrating sphere at room temperature. The light-emitting intensity images of the LEDs were taken using the calibrated charge-coupled device camera mounted on the microscope. Figure 1 shows the I-V characteristics and dynamic resistances of the LEDs with graphene/ITO transparent contact with annealing temperatures from 300 °C to 600 °C and those of the LEDs with ITO annealed at 500 °C for comparison. Figure 2 shows the 20-mA V f of the LEDs with graphene/ITO at various annealing temperatures. The conventional LEDs with ITO show a 20-mA V f of 3.14 V. The LEDs with graphene/ITO transparent contact show a high 20-mA V f of 4.82 V at an annealing temperature of 300 °C. The 20-mA V f of LEDs with graphene/ITO transparent contact decreases to 3.05 V when the annealing temperature was increased up to 500 °C. However, the 20-mA V f increased when the annealing temperature was 600 °C. Besides, the dynamic resistances of the LEDs with graphene/ITO also decreased with increasing the annealing temperature up to 500 °C and went up a little bit at 600 °C. LEDs with graphene/ITO annealed at 500 °C shows the lowest 3V-dynamic resistance of 20Ω. The reductions of device dynamic resistance indicate the improved contact resistance of the p-GaN and graphene/ITO interface with annealing. It should be note that the 20-mA V f of LEDs with the graphene/ITO transparent contact is 0.09 V lower than that of ITO LEDs. We checked the I-V characteristics of p-GaN/graphene/ITO contact and p-GaN/ITO contact annealed at 500 °C, as shown in inset of Fig. 2 , to determine why the 20-mA V f of LEDs with graphene/ITO is lower than that of ITO LEDs. The p-GaN/graphene/ITO contact shows an ohmic characteristic after 5 min of annealing at 500 °C in ambient N 2 . And the p-GaN/graphene/ITO contact also shows a lower contact resistance than that of the p-GaN/ITO contact. The specific contact resistance of the p-GaN/graphene/ITO and p-GaN/ITO contacts are 3.72 × 10 −3 and 1.52 × 10 −2 Ω·cm 2 , respectively. The p-GaN/graphene/ITO shows a specific contact resistance that is one order lower than that of p-GaN/ITO. Therefore, LEDs with graphene/ITO (LED I) annealed at 500 °C have lesser 20-mA V f than that of ITO LEDs (LED II). Figure 3 shows the measured output power and external quantum efficiency (EQE) as a function of the injection current for LED I and II. All output powers of LEDs increased with increasing injection current. The light output powers and EQE with varying injection currents of LED I was larger than those of LED II. The light output powers of LEDs I and II driven at 20 mA were 21.2 and 19 mW, which correspond to 39.1% and 35.3% EQEs, respectively. Therefore, the 20-mA output power enhancement of LED I is approximately 11% compared with that of LED II. Furthermore, the 200-mA output power of LED I indicates about 19% larger than that of LED II. Efficiency droops (efficiency degradation from the peak of EQE to the EQE of 200 mA) of LED I (28.6%) are less than that of LED II (34.2%). The improvement in the output power and efficiency droop of LED I might be attributed to the decrease in contact resistance of p-GaN/graphene/ITO and the enhancement in current separation by the low lateral resistance of the graphene layer. We studied the near-field emission intensity images of the all LED samples at 20 and 60 mA shown in Fig. 4 to understand the effect of the inserted graphene on current separation. The red color of the images indicates high emission intensity, and the blue color of the images indicates low emission intensity. The 20-and 60-mA near-field images for both samples were taken in the same conditions. The 20-and 60-mA near-field emission intensity images of LED I show a larger high emission intensity area than that of LED II. In addition, the 60-mA near-field images of LED I also show a smaller blue area, which is the low emission intensity region, than that of LED II. The enlarged near-field high emission intensity area of LED I could be attributed to the enhanced current spreading caused by the inserted graphene layer. Theoretically, graphene has a high intrinsic carrier mobility, which is larger than 21,000 cm 2 /V·s at room temperature [26, 27] . As such, the carrier moves laterally when injected into the graphene layer and the current spreading of LED I is improved. In addition, graphene has a work function of 4.5 eV, which is similar to ITO with a work function of 4.4 eV to 4.5 eV. Hence, their combination gives a low contact resistance to the ohmic junction of LEDs. Figure 5 shows the wall-plug efficiency with the injection currents of LED I and LED II. LED I shows a better wall-plug efficiency than that of LED II because of the lower V f and larger light output power of LED I than LED II. In addition, the wall-plug efficiency droop of LED I (58%) is less than LED II (66%), which is attributed to the enhanced current spreading and low contact resistance of p-GaN/graphene/ITO. 
Results and discussion

Conclusions
In summary, we demonstrated a GaN-based LED with graphene/ITO transparent contact. The ohmic characteristic of the p-GaN and graphene/ITO contact could be preformed by annealing at 500 °C for 5 min. The specific contact resistance of p-GaN/graphene/ITO (3.72 × 10 −3 Ω·cm 2 ) is one order less than that of p-GaN/ITO. In addition, the 20-mA V f of LEDs with graphene/ITO transparent contact (3.05 V) is 0.09 V lower than that of ITO LEDs (3.14 V). The graphene/ITO transparent contact would also enhance the injection current spreading of the LEDs. Therefore, a 20mA-output power enhancement of 11% can be obtained on LEDs with graphene/ITO transparent contact. The graphene/ITO transparent contact also enhanced the wall-plug efficiency performance of LEDs.
